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We report on four-wave mixing in a silicon microring resonator using a self-pumping scheme
instead of an external laser. The ring resonator is inserted in an external-loop cavity with a
fibered semiconductor amplifier as a source of gain. The silicon microring acts as a filter and
we observe lasing in one of the microring’s resonances. We study correlations between signal
and idler generated beams using a Joint Spectral Density experiment.
Silicon ring resonators are microscopic devices inte-
grated on a silicon chip that have been shown to be
efficient for on-chip optical nonlinearities. Low-power
optical nonlinearities in silicon integrated devices are
used to achieve a variety of effects including all-optical
switching1, optical bistability2 and four-wave mixing
(FWM)3. FWM in particular has been shown to be
greatly enhanced by the light confinement in microring
resonators, to the point of being able to produce pho-
ton pairs with MHz rates4,5 and act as microscopic, inte-
grated sources of entangled photons6–8. As a result, ring
resonators are among the most promising sources of non-
classical states of light for use in quantum technologies9.
An important hurdle that still remains to be solved
to facilitate the widespread adoption of microring res-
onators as quantum optical sources and for the on-chip
generation of frequency combs10,11 is the need for an
external optical pump. Silicon microrings are resonant
structures, therefore have discrete sharp spectral reso-
nances. The pump needs to be tunable and, sometimes,
even actively tuned to accommodate spectral changes in
the rings resonances due to thermal or power fluctua-
tions, that could be hundreds of times the resonance
linewidth12,13. In silicon resonators tuning is particu-
larly relevant in the case of high-Q resonators14 and high
pumping powers15. The need of a tunable source is a
cumbersome and expensive requirement for devices that
should be economic and nimble to operate. In this work
we relax this requirement by demonstrating that FWM
can be achieved in a silicon microring resonator using self-
pumping10,16. We insert the resonator inside an external
fiber-loop cavity including an amplifier: in this geometry
gain is spectrally filtered by the microring resonances and
we show that lasing can be achieved with enough power
to measure FWM emission.
The scheme of the experimental apparatus used for
the cavity is shown in in Fig. 1. The components inside
the dashed red rectangles are outside the cavity and con-
nected to it for the stimulated FWM experiment only.
The sample was fabricated at the INtegrated Photonic
TEchnologies Center (INPHOTEC) in Pisa and realized
by a e-beam lithography process on a 6-inch silicon-on-
insulator (SOI) wafer. A buried oxide layer is covered by
a 220-nm-thick silicon layer, with a bulk refractive index
nSi = 3.48 at 1550 nm. The SOI structure is then coated
by an oxide cladding (bulk index nSiO2 = 1.46). The
ridge waveguide cross-section area is 220 x 480 nm2 and
FIG. 1. Schematic view of the built cavity. BPF stands for
band-pass filter, PM for power meter and BOA for booster
optical amplifier. A schematic view of the add-drop ring res-
onator used is shown as an inset. The elements inside the
dashed red rectangles are connected to the cavity for the stim-
ulated FWM experiment only. The scheme is not in scale.
is designed to support a single guided mode.
Given the persisting difficulty of achieving optical gain
in silicon, the idea is to take advantage of an external
source of gain and build a closed-loop cavity with the
source of entangled photons inside the loop. The build-
ing block is made out of a ring resonator with a radius
of 10 µm in the add-drop configuration. The add-drop
configuration is necessary to insert the microring sample
in a loop. The measured quality factor of the ring res-
onances is of several thousands (Q=2500−3000), with a
free spectral range (FSR) of 7.5 nm. In Fig. 2 the trans-
mission spectra of the add-drop ring resonator for both
the through (a) and the drop (b) ports are shown along
with the resonances chosen for the stimulated FWM ex-
periment. The resolution of the spectra is 50 pm. In
Fig. 2 (a), the resonances go down to below 5% of trans-
mission, meaning that the ring resonator is close to the
critical coupling condition.
The source of gain is a Booster Optical Amplifier
(Thorlabs BOA1004P), with a small signal gain of up to
30 dB. The cavity is closed on the add and drop ports of
the microring resonator. Input and output coupling with
the silicon chip is obtained through the use of grating
couplers. The add-drop resonator basically acts, inside
the cavity, as a band-pass filter (BPF) for each resonance.
In our experiment, a single resonance (λp = 1555.87 nm)
was selected for lasing by restricting the cavity trans-
mission using an external BPF at the amplifier output.
This external filter also serves to reduce amplified spon-
taneous emission (ASE) from the BOA to a level lower
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FIG. 2. Transmission spectra of the (a) through and (b) drop
ports of the add-drop ring resonator used in the cavity. The
resolution of the spectra is 50 pm. From the through-port
spectrum, it can be seen that the ring resonances go down to
below 5% of transmission. This means that the add-drop ring
resonator is close to the critical coupling condition. I, P and S
stand, respectively, for the idler, pump and signal resonances
used in the stimulated FWM experiment.
than the generated FWM experiments. In order to ob-
tain the BOA background noise suppression, we cascaded
three BPFs for a total rejection of more than 150 dB in
the idler generation band. A second BPF, identical to
the previous one, tuned to the pump resonance was used
at the sample output to further improve rejection of fre-
quencies other than the lasing mode before amplification.
The laser power inside the cavity was monitored using a
99:1 beam splitter (BS) before the amplifier.
The lasing curve of the cavity is shown in Fig. 3 as a
function of the BOA current. On the y-axis the optical
power estimated at the drop port of the ring resonator
is reported. It is calculated from the measured power at
the 1% port of the 99:1 BS and compensating for both
BPF and coupling losses. A clear threshold behavior is
observed around a current ith = 90 mA. The total losses
for one loop, excluding the BOA, were directly measured
in the cavity to be -18 dB and are distributed among the
different components in the following way: the coupling
losses are 3.6 dB for each grating coupler, the BPFs losses
are estimated to be 3.5 dB for each filter, the 50:50 BS
losses are 3 dB, whereas the losses due to the isolator and
the 99:1 BS are 0.3 dB and 0.5 dB, respectively. Indeed,
the lasing threshold corresponds to a current where the
BOA small signal gain is 20 dB, close to the inverse of
the losses.
In Fig. 3, it is also reported the linear fit of the char-
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FIG. 3. Lasing curve of the cavity. The black circles are the
experimental values, whereas the red line shows the linear fit
corresponding to Eq. (1).
acteristic curve of the cavity according to the following
equation17,18:
Pout (I) = Psat (kI − gth) Gth
Gth − 1Ttot (1− Toc) , (1)
where Pout is the optical power read at the output of the
1% port of the 99:1 BS, I is the BOA current, Psat is
saturation power, Gth = e
gth is the saturated gain of the
amplifying medium, g0 = kI with g0 small signal gain,
Ttot is the total transmission of the optical elements in
the cavity (except for the 99:1 BS transmission) and Toc
is the transmission of the output coupler, intended as
transmission internal to the ring resonator. The figure
shows that the experimental points deviate from the lin-
ear fit for high BOA current. This might be due to the
onset of the two-photon absorption process in the micror-
ing resonator when high power is stored inside it, but a
more accurate study on this effect is needed.
Given the low quality factor of the present resonator,
spontaneous FWM was too weak to be observed. We per-
formed instead the classical FWM experiment resonantly
exciting a resonance (signal) of the ring at a wavelength
of 1563.45 nm thus producing a stimulated idler beam at
a wavelength of 1548.39 nm. In Fig. 2 the resonances
used for the FWM experiment are displayed (I, P and S
stand for idler, pump and signal respectively). As shown
in Fig. 1, the external tunable CW infrared laser (Santec
TSL-510) is coupled with the ring cavity using a 50:50
BS just before the sample and is completely suppressed
by the BPF placed before the BOA so that it has no loop
gain. Moreover, the signal laser is spectrally cleaned be-
fore being injected into the cavity by means of a tunable
band-pass filter (Santec OTF-350) in order to remove
spurious ASE photons. The idler photons are finally col-
lected on a spectrometer equipped with a liquid-nitrogen
cooled CCD camera. The conversion efficiencies of the
stimulated FWM process are shown in Fig. 4 (a) and (b).
The idler generation rate is proportional to the square of
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FIG. 4. (a) and (b) show the stimulated FWM generation
rates. The idler generation rate is proportional to the square
of the lasing power (a) and grows linearly with the signal
power (b) inside the ring resonator. In (a) the signal power
coupled to the sample is 130 µW, whereas in (b) the BOA
current is fixed at 250 mA. Red lines corresponding to the
correct slope required by the stimulated FWM process are
added to the graphs. (c) One idler spectrum taken for coupled
pump and signal powers of 1.87 mW and 130 µW respectively.
(d) Idler-signal correlation measurement as a function of the
wavelengths corresponding to the idler and signal resonances.
The measured intensity is closely peaked around the antidi-
agonal, showing clear energy-time correlations. The spectral
resolution on the idler resonance is given by the receiving
spectrometer and is 67 pm.
the lasing power (a) and grows linearly with the signal
power (b) inside the ring resonator, proving its paramet-
ric origin. In Fig. 4 (c) an example of FWM spectrum
corresponding to a pump power coupled inside the ring
of 1.87 mW and a coupled signal power of 130 µW is also
shown.
The classical FWM intensity can be used to directly
assess the energy correlations between the signal-idler
photon pairs that would be emitted in the spontaneous
parametric process19. Indeed, the linewidth of the ring
resonances is of the order of several tens of GHz and
is much larger that the spacing of the modes of the
laser loop cavity, which is several meters in length. This
means that the pump laser could encompass many lasing
modes and span the whole linewidth. However, the emis-
sion of time-entangled photons requires a pump linewidth
smaller than that of signal and idler photons20 and this
might not be the case in the used self-pumping geome-
try. On the other hand, gain narrowing is expected to
occur within the relatively large bandwidth of the mi-
croring resonance, solving the problem of having a laser
line narrower than the signal and idler resonances.
The idler-signal correlation curve can be di-
rectly assessed via a joint spectral density (JSD)
measurement19,21–25. To perform this measurement, we
acquire FWM spectra on a CCD camera by varying the
signal wavelength from 1560 nm to 1566 nm in steps
of 10 pm. Spectral resolution on the idler resonance
is given by the receiving spectrometer and is 67 pm.
During the measurement, the BOA current is kept fix
to 200 mA, whereas the optical power of the signal
inside the ring resonator is 250 µW . The correlation
measurements are shown in Fig. 4 (d) as a function of
the signal and idler resonances’ relative wavelengths.
The measured intensity is closely peaked around the
anti-diagonal, showing clear correlations between the
signal and idler’s energies. This proves that, at least
with the current microring quality factor, signal-idler
photon pairs emitted in the spontaneous process would
be entangled.
In summary, we have proved that FWM can be
achieved in a silicon integrated microring resonator with-
out the need of an external laser. These results are an
important step towards the realization of a silicon-based
source of entangled photons that does not require an
external pump, making it closer to real world applica-
tions. In order to have a potentially usable emission rate
(> MHz) for the spontaneous process, a ring resonator
with a quality factor exceeding 10000 is needed. Indeed,
silicon ring resonators with such a high quality factor
have been already employed for studying a variety of
effects, including optical bistability and FWM2,3,6,15,26.
The present result is a strong indication that the emit-
ted photons would be entangled, even if a definitive proof
will consist in a Franson experiment6,27 performed under
self-pumping conditions.
Another interesting possible output for our system
would be to have a separable state, in order to produce
single photons via heralding28. In order to achieve this,
the laser linewidth should be comparable to the linewidth
of the ring resonators mode21. This can be obtained by
inserting a modulator inside the cavity to broaden the
laser emission. In the case of a ring resonator with a
quality factor of 40000, this corresponds to a linewidth
of about 5 GHz, a frequency easily achievable with state-
of-the-art fiber modulators. In such a scheme, one should
achieve a state purity comparable to the limit for optical
pumping20.
Moreover, a recently very active research direction is
the possibility to achieve emission of quantum states of
light of more than two photons29–32. Our self-pumping
system can reach enough CW power inside the ring
resonator to achieve the multiphoton emission regime.
Indeed, a power of 5 mW inside a ring resonator of
Q∼10000 is sufficient to have an emission rate of multiple
pairs exceeding 105 Hz inside the ring4,33. Furthermore,
multiple photon emission can be obtained by building the
laser cavity so to achieve pulsed laser emission. Pulsing
in fiber loop cavities has been already accomplished using
several different geometries34,35, which could be directly
4ported to our approach36.
Finally, we would like to point out that the scheme
presented in our work could be directly applied to an all-
pass ring resonator by considering the backscattering at
the input port. In fact, the backscattered light would be-
have as the light coming out the drop port of an add-drop
resonator and it could be of the order of -5 dB, depend-
ing on the coupling factor37. This, in turn, would make
closing an all-pass microring in a fiber cavity possible.
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